Because of its role in multiple central nervous system (CNS) pathways, metabotropic glutamate receptor type 1 (mGluR1) is a crucial target in the development of pharmaceuticals for CNS disorders. N-[4-[6-(isopropylamino)-pyrimidin-4-yl]-1,3-thiazol-2-yl]-N-methyl-4-[ 11 C]-methylbenzamide ([ 11 C]ITDM) was recently developed as a positron emission tomography (PET) ligand for mGluR1. To devise a method for measurement of the binding potential (BP ND ) of [ 11 C]ITDM to mGluR1, reference tissue methods aimed at replacing measurement of the arterial input function are desirable. In this study, we evaluated a noninvasive quantification method of mGluR1 with [ 11 C]ITDM, demonstrating its accuracy using Huntington disease model R6/2 mice. The BP ND measurements based on the Logan reference (Logan Ref) method have closely approximated that based on the arterial input method. We performed PET analysis with Logan Ref to assess its accuracy in quantifying the decline of mGluR1 expression in R6/2 mice. Significant decreases in BP ND values in R6/2 mice were detected in cerebellum, thalamus, striatum, and cingulate cortex. We compared autoradiographs of R6/2 mouse brain sections with immunohistochemical images, and found a close correlation between changes in radioactive signal intensity and degree of mGluR1 expression. In conclusion, [ 11 C]ITDM-PET is a promising tool for in vivo quantification of mGluR1 expression.
INTRODUCTION
Glutamate is the predominant excitatory neurotransmitter in the central nervous system (CNS) and exerts multiple effects on neuronal excitability and synaptic transmission by directly or indirectly interacting with iontropic and metabotropic receptors.
Metabotropic glutamate receptors are members of the G protein-coupled receptor super family, 1 including eight subtypes divided into three groups based on sequence homology, intracellular transduction pathways, and pharmacological properties. 2 Metabotropic glutamate receptor type 1 (mGluR1) and type 5 (mGluR5) belonging to group I are postsynaptically located and positively coupled to G q proteins, stimulating polyphosphoinositide hydrolysis via the formation of inositol 1,4,5-triphosphate and diacylglycerol. This signaling promotes intracellular calcium release, finally activating protein kinase C. [3] [4] [5] Thus, mGluR1 and mGluR5 can trigger signaling cascades and modulate the activity of ion-and ligand-gated channels via functional coupling with transduction pathways. Although mGluR1 and mGluR5 are highly homologous in structure, each has distinct distribution, tasks, and levels of expression in the CNS. [6] [7] [8] [9] [10] Several studies on CNS disorders have reported that the group I receptors were unbalanced in different situations. In the ischemic rat brain model, treatment with an mGluR1 antagonist showed protection against neuronal death, 11, 12 but treatment with an mGluR5 antagonist showed no effect. 13 Further, a Huntington's disease (HD) model mouse shows a distinct decline in mGluR1 but not in mGluR5. 14 Additional findings also support the concept that CNS disorders are often associated with disruption of group I receptors. Owing to these findings, in vivo monitoring of group I receptors would help to elucidate their roles in the mechanisms of CNS disorders.
Positron emission tomography (PET) allows the use of pharmaceuticals bound to positron-emitting radiotracers (e.g., 18 F and 11 C) for the acquisition of molecular information in vivo. For acquisition of data on mGluR5, 3-(6-methyl-pyridin-2-ylethynyl)-cyclohex-2enone-O-[ 11 C]methyl-oxime ([ 11 C]ABP688) has been developed as a selective mGluR5 PET ligand, 15 progressing to clinical use for in vivo quantification of mGluR5 expression. 16, 17 Recently, N-[4- [6- (isopropylamino)-pyrimidin-4-yl]-1,3-thiazol-2-yl]-N-methyl-4-[ 11 C]methylbenzamide ([ 11 C]ITDM) has been developed as a promising PET ligand for mGluR1. 18 The [ 11 C]ITDM-PET has shown a distribution pattern closely corresponding to the biologic distribution of mGluR1 in rats and monkeys. The area under the curve of [ 11 C]ITDM in the pons, a region of negligible mGluR1 expression, 8 is very close to that of the fully-blocked brain, suggesting that the pons may be a useful reference region to substitute for arterial blood sampling for quantitative PET analysis. 18 In this study, we performed PET assessments with the following objectives:
(1) To validate the use of a reference region for in vivo quantitative measurement of mGluR1 in the brains of Sprague-Dawley (SD) rats with [ 11 C]ITDM-PET.
(2) To visualize and quantify [ 11 C]ITDM binding to mGluR1 using PET with the noninvasive reference region method in the brains of HD transgenic mice as an mGluR1-deficient model. (3) To verify the quantitative accuracy of [ 11 C]ITDM binding to mGluR1 in mouse brain regions by comparing with in vitro techniques.
MATERIALS AND METHODS General
All experiments were approved by the committee of National Institute of Radiological Sciences. The [ 11 C]ITDM was synthesized from stannyl precursor with [ 11 C]methyl iodide in the presence of triphenylphosphine and copper chloride as described previously. 18 At the end of synthesis, 1.2 to 1.6 GBq of [ 11 C]ITDM was obtained with 499% radiochemical purity and 111 to 170 GBq/mmol specific activity for animal experiments.
We synthesized 4-fluoro-N- 19 a selective antagonist of mGluR1, in our laboratory and dissolved it in saline containing 20% ethanol and 10% polyoxyethylene sorbitan monooleate (Tween-80), and used it for in vivo studies.
Sprague-Dawley rats (Japan SLC, Shizuoka, Japan), transgenic mice (R6/ 2) carrying the human HD gene, and noncarrier mice (C57BL/6j) (both from The Jackson Laboratory, Bar Harbor, ME, USA) were kept in a temperaturecontrolled environment with a 12-hour light/dark cycle, and were given a standard diet (MB-1/Funabashi Farm, Chiba, Japan). Animal experiments were performed according to the recommendations of the Committee for the Care and Use of Laboratory Animals in National Institute of Radiological Sciences.
Positron emission tomography procedures. To develop an optimal quantitative method, brain PET examinations with [ 11 C]ITDM were performed on SD rats (n ¼ 4, male, 8 weeks, 250 to 280 g). Before PET scanning, each rat had a polyethylene catheter (FR2/Imamura, Tokyo, Japan) inserted into the left femoral artery for blood sampling. For the blocking study, SD rats (n ¼ 4, male, 8 weeks, 220 to 285 g) were pretreated with 1 mg/kg FITM. Subsequently, all the animals were anesthetized (1.5% to 2% isoflurane in air) and placed in a small-animal PET scanner (Inveon/ Siemens, Knoxville TN, USA). After a transmission scan for attenuation correction using a 57 Co source for 803 seconds, a bolus of [ 11 C]ITDM (37 to 50 MBq, 0.5 to 1.0 pmol in 0.1 to 0.5 mL saline) was injected into the tail vein via a 24-gauge catheter (Terumo Medical Products, Tokyo, Japan). Dynamic emission scans in a three-dimensional list mode were acquired for 90 minutes (10 seconds Â 6 frames, 15 seconds Â 4 frames, 1 minute Â 5 frames, 2 minutes Â 4 frames, and 5 minutes Â 15 frames). Positron emission tomography dynamic images were reconstructed with filtered back projection using a Hanning filter with a Nyquist cutoff of 0.5 cycle/ pixel. Blood sampling. Arterial blood (50 mL to 1.0 mL: total 2 mL) was sampled at 10, 20, 30, 40, and 50 seconds, and 1, 2, 3, 4, 5, 10, 15, 30, 60, and 90 minutes after the injection. The radioactivity in whole blood and plasma was counted using a 1480 Wizard autogamma scintillation counter (Perkin-Elmer, Waltham, MA, USA). Radioactivity was corrected for decay. Blood samples (0.1 to 1.0 mL) at selected time points (1, 5, 15, 30, 60 , and 90 minutes) were centrifuged at 13,000 g for 3 minutes at 41C to separate the plasma. The supernatant (20 mL to 0.5 mL) was then collected in a test tube containing an equivalent volume of acetonitrile (MeCN), and the resulting mixture was vortexed for 15 seconds and centrifuged at 20,000 g for 2 minutes for deproteinization. An aliquot of the supernatant obtained from the plasma was injected into a radio-high-performance liquid chromatography (HPLC) system (Shimadzu, Kyoto, Japan) equipped with a radioactivity detector, 20 and analyzed using a Capcell Pack (Shiseido, Tokyo, Japan) C 18 column (4.6 mm i.d. Â 250 mm) with MeCN/H 2 O/Et 3 N (7/ 3/0.01, v/v/v) at 1.0 mL/min. The percentage of [ 11 C]ITDM (retention time ¼ 7.1 minutes) to total radioactivity (corrected for decay) on the HPLC chromatogram was calculated as % ¼ (peak area of [ 11 C]ITDM/total peak area) Â 100. A metabolite-corrected plasma curve was generated by the product of the plasma activity and unmetabolized [ 11 C]ITDM fraction.
Data analysis. Summed PET images between 0 and 90 minutes after the injection of [ 11 C]ITDM were reconstructed using ASIPro VM (Analysis Tools and System Setup-Diagnostics Tool/Siemens, Knoxville, TN, USA). Volumes of interest (VOIs) were manually drawn on the summed PET images for cerebellum, thalamus, a part of hippocampus (CA3), whole striatum, cingulate cortex, and pons by referencing magnetic resonance imaging (MRI) templates of rat brain. 21 The respective sizes of VOIs for the rat brain were 118.8 mm 3 for the cerebellum, 70.3 mm 3 for the thalamus, 19.3 mm 3 for a part of hippocampus (CA3), 42.3 mm 3 for the whole striatum, 9.3 mm 3 for the cingulate cortex, and 34.3 mm 3 for the pons. The respective tissue time-activity curves (tTACs) were then derived from each VOI on the dynamic PET images. The radioactivity was decay corrected to the injection time and was expressed as a standardized uptake value (SUV), which was normalized to the injected radioactivity and body weight.
Kinetic analysis. Kinetic analysis with arterial blood sampling was performed using the two-tissue compartment model (2-TCM) 22 and Logan graphical analysis (Logan GA) 23 using the metabolite-corrected plasma curve as an input function. In the 2-TCM, four rate constants (K 1 -k 4 ) were estimated by nonlinear-least-squares fitting, and the total distribution volume (V T ) for each region was calculated:
The blood volume fraction (vB) in the rat brain was fixed at 2% 24 and corrected using the time course of radioactivity concentration in the blood. Meanwhile, in the Logan GA, V T of each region was estimated as the slope of a regression line using points between 15 and 90 minutes under the equilibrium state. In both methods, with the pons (where mGluR1 concentration is negligible) as a reference region, the BP ND of each target region was calculated as:
Next, the BP ND values of the target regions were derived by a simplified reference tissue model (SRTM) 25 . Emission data were acquired and reconstructed as described above. The VOIs for the mouse brain were manually drawn on the summed PET images for cerebellum, thalamus, whole striatum, cingulate cortex, and pons by individual experiences. The respective sizes of VOIs in noncarrier and R6/2 mouse brains were 42.0 and 44.0 mm 3 for the cerebellum, 19.5 and 17.2 mm 3 for the thalamus, 9.5 and 9.25 mm 3 for the whole striatum, 4.8 and 5.5 mm 3 for the cingulate cortex, and 9.8 and 11.5 mm 3 for the pons by referencing MRI templates of mouse brain. 27 Quantitative values for mGluR1 with [ 11 C]ITDM were expressed as BP ND in brain regions. The respective PET quantitative analyses using generated tTACs in brain regions were performed with Logan Ref using the tTAC of the pons as a reference.
Autoradiography and Immunohistochemistry
Male 12-week-old noncarrier and R6/2 mice were killed by cervical dislocation. The brains were removed and immediately frozen in crushed dry ice. The frozen brains were cut into 10-mm-thick sagittal sections by a Quantitative PET analysis of mGluR1 with [ 11 C]ITDM T Yamasaki et al cryotome (HM560/Carl Zeiss, Oberkochen, Germany), and the slices were mounted on glass slides (Matsunami Glass, Osaka, Japan). The brain sections were preincubated for 20 minutes in 50 mmol/L Tris-HCl buffer (pH 7.4) containing 1.2 mmol/L MgCl 2 and 2 mmol/L CaCl 2 at room temperature. The sections were then incubated for 60 minutes at room temperature in fresh buffer containing [ 11 C]ITDM (18 MBq, 1.0 nmol/L). After incubation, the brain sections were washed (3 Â 2 minutes) with cold buffer, dipped in cold distilled water, and dried in air. They were placed in contact with imaging plates (BAS-MS2025/Fujifilm, Tokyo, Japan). Autoradiographs were acquired using a Bio-Imaging Analyzer System (BAS5000/Fujifilm). Regions of interest (ROIs) in autoradiographs were manually drawn in cerebellum, pons, thalamus, and striatum, respectively. Plate exposure degree of radioactivity was calculated by using the Multi Gauge analysis software version 2.3 (Fujifilm) and was expressed as photostimulated luminescence values (PSLs) per square millimeter (PSLs/ mm 2 ). The present PSL values were not normalized with calibration. All autoradiograms in present study were acquired under same experimental conditions, including same incubation and contact times, incubated solution and imaging plate. Sections adjacent to those used for autoradiography were immunofluorescence stained with a mouse polyclonal antibody (LifeSpan BioSciences, Seattle, WA, USA) against mGluR1 proteins and Alexa Fluor 488 goat anti-rabbit IgG (Life Technologies, Baltimore, MD, USA). Slides were examined with an all-in-one microscope/digital camera (Olympus, Tokyo, Japan). A number of adjacent microscope images were connected by using the e-Thing software (Mitani, Tokyo, Japan). For quantitative analysis of fluorescence strength on the connected images, the open source, Java-based software package ImageJ (http://rsbweb.nih.gov/ij/) was used. The software was set up to identify total number of beads in a field of view. Respective ROIs were manually drawn in cerebellum, pons, thalamus, and striatum. Data are presented as arbitrary fluorescence units, which are treated as relative value within present study.
Statistics
Statistical analyses in the noncarrier versus R6/2 mice groups used Mann-Whitney tests with a two-tailed P value. All analyses were performed using GraphPad Prism v5.0 (GraphPad Software, La Jolla, CA, USA). Figure 1 shows representative PET images in the baseline (A) and blocking (B) studies. The baseline images show the intensity of tracer uptake, in descending order: cerebellum, thalamus, striatum, hippocampus, cingulate cortex, and pons, as identified by referencing MRI templates (C). In the blocked case, radioactive signal intensity in the brain is significantly diminished by competition for mGluR1 with the injected unlabeled FITM. Figure 2 shows tTACs of [ 11 C]ITDM for the baseline (A) and blocked (B) PET studies. In the baseline tTACs, the maximum of SUV (mean±standard deviation), in the mGluR1 rich regions measured as follows: cerebellum 2.5±0.1, thalamus 1.9±0.2, striatum 1.8 ± 0.2, cingulate cortex 1.7 ± 0.2, and hippocampus 1.6 ± 0.1. Uptake appeared to peak at 15 to 25 minutes after a bolus injection. Conversely, radioactivity in the pons showed rapid washout after the injection. Although radioactivity in the pons was low, its tTAC was obtained within reliable range: the percentage of coefficient of variation was 23.5 to 43.2. Pretreatment with FITM reduced delayed uptake in all regions examined. The early nonspecific whole-brain activity is reflective of radioactivity concentration in the blood pool. In the noncarrier mice, the rank order of DVR level intensity was as follows: cerebellum4thalamus4striatum4cingulate cortex. These distribution patterns of radioactivity were similar to that on rat brain as described in 'Visual Analysis'. In contrast, the uptake of radiotracer in R6/2 mice was much lower in each vulnerable region.
RESULTS

Visual Analysis
Time Course of Radioactivity in Brain Regions
Accuracy of the Noninvasive Quantitative Method for
Kinetic analysis. Figure 5 shows the box plots of BP ND values based on Logan Ref in cerebellum (A), thalamus (B), striatum (C), and cingulate cortex (D) of normal and R6/2 mouse brains, respectively. The BP ND values in the R6/2 mouse brains were decreased in all ROIs compared with those in noncarrier mice. Although TACs in the pons of noncarrier and R6/2 mouse brains as a reference input function showed no differences (Supplementary Figure S1 ), the greatest decline of BP ND in R6/2 mouse brains was found in the striatum, with a 36% decrease, followed by the thalamus, with a 29% decrease (Table 1) . Mann-Whitney tests indicated significant differences in each vulnerable brain region (Po0.05) between normal and R6/2 mice.
Autoradiography and Immunohistochemistry Figure 6 shows autoradiographic and immunohistochemical images in noncarrier (A) and R6/2 (B) mouse brain sections, respectively. As with the results of the PET studies, autoradiographs showed decreased uptake in each vulnerable region of the R6/2 sections compared with noncarrier sections. In the immunohistochemical images, fluorescence strength of the R6/2 brains showed a similar decline to autoradiogram, especially in the striatum. Moreover, atrophy through the whole brain, especially, in the striatum and the thalamus, was observed. Figure 6C shows Quantitative PET analysis of mGluR1 with [ 11 C]ITDM T Yamasaki et al correlation between radioactive uptake and fluorescence strength in the mouse sections. A regression line in the graph shows good correlation with high confidence (r 2 ¼ 0.94). This result shows that each region of decreased uptake of [ 11 C]ITDM in the R6/2 mouse brain sections corresponds to decreased mGluR1 expression.
DISCUSSION
We have shown that [ 11 C]ITDM-PET using a reference tissue model is a suitable approach for in vivo measurement of mGluR1 levels without the need for arterial blood sampling. Subsequently, we succeeded in visualizing and quantifying the decreased levels of brain mGluR1 in living mice carrying the HD transgene.
The BP ND is generally treated as a quantitative value representing the receptor-bound radiopharmaceutical in brain PET assessment. The 2-TCM is known as a standard method for estimation of BP ND . However, arterial blood sampling and sequential metabolite analysis are logistically challenging, and nonlinear-least-squares fitting with 2-TCM is sensitive to the statistical noise in the brain tTACs. To overcome these problems, several reference tissue models have been developed to enable BP ND calculation without arterial blood sampling using the tTAC of a reference region where the specific binding is negligible. 25, 26, 28 Thus, if a reference region could be located in the brain, then quantitative PET analysis for the target receptor would be dramatically simplified.
The pons, a part of the brainstem, is known as a region where mGluR1 concentration is negligible, 8 and it is often used as a reference region in noninvasive quantitative PET analysis of neuroreceptors. 29, 30 To estimate BP ND for mGluR1 noninvasively with [ 11 C]ITDM-PET, we validated the reference tissue method using the tTAC of the pons. In PET studies with SD rats, accumulation of receptor-bound radioactivity was not observed in the pons (Figures 1 and 2) , and there was no significant difference in V T value of the pons between PET studies on animals pretreated with and without FITM for the saturation of mGluR1 binding sites (data not shown), suggesting that the pons is a reasonable reference region. In addition, both the SRTM and Logan Ref methods estimated BP ND values that closely correlated with those based on 2-TCM with the arterial input function, though BP ND values based on reference methods were underestimated, especially with the SRTM (Figure 3) . These results suggest that the Logan Ref is a practical method for noninvasive quantification of mGluR1 with [ 11 C]ITDM-PET, and we applied this method using HD model mice as an mGluR1-deficient model. Note that the input k 2 value should be predefined for the Logan Ref analysis; however, the error of this value minimally affected the estimated DVR values (data not shown).
Huntington's disease is known as a CNS degenerative disorder with a course characterized by involuntary body movements, loss of cognitive function, psychiatric disturbances, and death. 31, 32 To facilitate the further understanding of HD pathogenesis, several transgenic mouse models of HD have been generated. 33 Of these, the R6/2 mouse expresses exon 1 of the human HD gene with 150 CAG repeats, showing loss of brain and body weight at B6 weeks of age, and developing neurologic symptoms at 9 to 11 weeks. 34 Prior pathologic techniques have shown that mGluR1, but not mGluR5, was dramatically decreased in the striatum of 4-to 12week-old R6/2 mice. 14 In this study, we visualized and measured decreased mGluR1 expression using quantitative [ 11 C]ITDM-PET in living R6/2 mice. As expected, visual analysis in PET with [ 11 C]ITDM showed a decrease in signal reflecting the DVR scale in the vulnerable brain regions in R6/2 mice compared with those in noncarrier mice (Figure 4 ). The BP ND values based on Logan Ref were heterogeneously decreased in all ROIs of R6/2 mouse brains ( Figure 5 ). The highest BP ND decrease was seen in the striatum, at roughly 35%, followed by thalamus, cingulate cortex, and cerebellum at 20% to 30% (Table 1 ). These percentage decreases in the striatum and the cortex were similar to the decreased mRNA levels in the striatum and the cortex of R6/2 mice in results of in situ hybridization as described previously. 14 To confirm whether BP ND values for [ 11 C]ITDM with mGluR1 were parallel to mGluR1 expression, we performed autoradiography with [ 11 C]ITDM and immunohistochemistry with an mGluR1selective antigen on noncarrier and R6/2 mouse brain sections under the in vitro conditions. Identical to the pattern of fluorescence in the immunohistochemical images, a greater uptake of [ 11 C]ITDM was detected in cerebellum, thalamus, hippocampus, and striatum of noncarrier mouse brain sections ( Figure 6A ). Similar to the PET results, autoradiographs and immunohistochemical images of R6/2 mouse brain sections showed a heterogeneous decrease of signal in striatum, thalamus, and cerebellum ( Figure 6B ). Radioactive signals of autoradiographs and fluorescent strengths of immunohistochemical images showed good correlation with high confidence (r 2 ¼ 0.94), suggesting that the radioactive signal intensity corresponded with mGluR1 expression ( Figure 6C ). Thus, we showed that measuring BP ND for mGluR1 with [ 11 C]ITDM-PET quantifies the heterogeneous decrease of mGluR1 expression in the brain of HD model mice.
It is clear that a complex interaction between mGluR1 and mGluR5 activation has a very important role in neuronal degeneration. The in vivo monitoring of mGluR1 may lead to a better understanding of its actions in the pathophysiologic and biologic processes of neurodegenerative disorders. Further, regarding other neurotransmitter receptors in R6/2 mice, it has been reported that although concentrations of mGluR2/3 mRNAs have shown no changes compared with noncarrier animals, their products are significantly decreased. 14 In addition, in vitro binding of [ 3 H]dopamine in the striatum of R6/2 mice decreases dramatically with age. 14 These results suggest that aggregation of abnormal proteins may interfere with transcription of the mRNAs of mGluR2/3 regulating presynaptic glutamate release, causing excess glutamate concentrations in the synaptic cleft. Such excess glutamate concentrations may promote acceleration of dopamine release via cascades involving activation of glutamate receptors including mGluR1 and mGluR5. 35 Subsequently, the sensitivity of dopamine receptors would be lowered, resulting in depletion of the dopaminergic neurons. However, it is unclear how downregulation of mGluR1 expressions is involved in the degeneration of dopaminergic neurons in the terminal phase of HD. Hence, exhaustive in vivo monitoring of neuroreceptors including mGluR1 may elucidate a common pathologic mechanism of polyglutamine diseases by assessing changes in neuroreceptor concentrations over time.
In conclusion, our in vivo quantitative technique for mGluR1, which requires no arterial blood sampling, may be a potential tool for further understanding of neurodegenerative processes in CNS disorders, and help in the development of new pharmaceuticals against these diseases.
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